Acute lymphoblastic leukemia (ALL) is the most common childhood cancer, whereas acute myeloid leukemia (AML) is the most common acute leukemia in adults. In general, ALL has a better prognosis than AML. To understand the distinct mechanisms in leukemogenesis between ALL and AML and to identify markers for diagnosis and treatment, we performed a large-scale genomewide microRNA (miRNA, miR) expression profiling assay and identified 27 miRNAs that are differentially expressed between ALL and AML. Among them, miR-128a and -128b are significantly overexpressed, whereas let-7b and miR-223 are significantly downregulated in ALL compared with AML. They are the most discriminatory miRNAs between ALL and AML. Using the expression signatures of a minimum of two of these miRNAs resulted in an accuracy rate of >95% in the diagnosis of ALL and AML. The differential expression patterns of these four miRNAs were validated further through large-scale real-time PCR on 98 acute leukemia samples covering most of the common cytogenetic subtypes, along with 10 normal control samples. Furthermore, we found that overexpression of miR-128 in ALL was at least partly associated with promoter hypomethylation and not with an amplification of its genomic locus. Taken together, we showed that expression signatures of as few as two miRNAs could accurately discriminate ALL from AML, and that epigenetic regulation might play an important role in the regulation of expression of miRNAs in acute leukemias. expression profiling ͉ lineage classification ͉ diagnosis ͉ prediction ͉ DNA copy number
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expression profiling ͉ lineage classification ͉ diagnosis ͉ prediction ͉ DNA copy number H uman acute leukemias, including acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), are genetically very diverse, arising from blood cell progenitors developing in the lymphoid or myeloid pathway or from primitive stem cells with multilineage potential (1, 2) . Although ALL can originate from either B or T lymphocyte progenitors, most cases are B-lineage ALL, which represents Ͼ85% of childhood and Ͼ75% of adult ALL (3, 4) . In the United States from 2000 to 2004, Ϸ80% of childhood and adolescent acute leukemia patients have ALL, whereas Ͼ85% of adult acute leukemia patients have AML. It is estimated that 5,200 and 13,410 cases will be diagnosed with, and 1,420 and 8,990 patients will die of, ALL and AML, respectively, in the United States in 2007 (http://seer.cancer.gov).
Acquired (''somatic'') clonal karyotype abnormalities are detected in 60-80% of patients with ALL or AML, whereas the remaining 20-40% have a normal karyotype (2, (4) (5) (6) (7) (8) . In addition to those with a normal karyotype, TEL-AML1 (ETV6-RUNX1)/ t(12;21), BCR-ABL (BCR-ABL1)/t (9;22) , MLL rearrangements/ t(11q23), E2A-PBX1 (TCF3-PBX1)/t(1; 19) , MYC-IGH/[t (8;14) , t(2;8), or t(8;22)], and hyperdiploidy/(Ͼ50 chromosomes) are among the most common cytogenetic subtypes in ALL, whereas AML1-ETO (RUNX1-RUNX1T1)/t(8;21), CBFB-MYH11/inv (16) , PML-RARA/t (15;17) , MLL rearrangements/t(11q23), trisomy 8, and monosomy 7 are among the most common cytogenetic subtypes in AML (2, 4, 5, 8) . Interestingly, MLL rearrangements/ t(11q23) are frequent cytogenetic abnormalities found in both ALL and AML, occurring in 5-6% of AML and 7-10% of ALL patients (1, 9) . Recurrent genetic abnormalities have prognostic and therapeutic implications and also provide insights into the mechanisms of leukemogenesis (4, 5, 8) .
Because the therapeutic strategies and prognosis vary considerably between ALL and AML (10, 11) (see also http://seer.cancer. gov), ALL must be distinguished from AML at diagnosis. Although ALL can be distinguished from AML through appropriate use of morphologic, immunohistochemical, and immunologic methods (12) , the conventional clinical practice requires experienced personnel, and no single test is currently sufficient to establish the diagnosis. In a pioneer study to find a more efficient diagnostic approach, Golub et al. (13) showed that ALL could be distinguished from AML based on gene expression profiles. Since then, messenger RNA (protein-coding gene) expression profiling has been widely used in classification of subtypes of AML and ALL, as well as in prediction of prognosis/outcome of leukemias [see reviews (14) (15) (16) ]. However, the precise genes and pathways that exert critical control over determination of lineage fate during leukemia development remain unclear.
One of the most exciting findings in the life sciences in recent years has been the discovery of an abundant class of small (Ϸ22 nucleotides), non-(protein-)coding RNAs, called microRNAs (miRNAs, miRs), which can play important regulatory roles in development, cell proliferation, differentiation, and apoptosis (17) (18) (19) . Evidence is emerging that miRNAs can function as oncogenes and tumor suppressors (20) (21) (22) (23) (24) . Using a bead-based flow cytometric method, Lu et al. (25) found that miRNA expression profiles could accurately classify human cancers; furthermore, they were able to classify successfully poorly differentiated tumors by using miRNA expression profiles, whereas mRNA profiles were highly inaccurate when applied to the same samples. To identify markers for diagnosis and treatment of ALL and AML and to shed light on the distinct mechanisms of leukemogenesis between ALL and AML, we performed a genome-wide miRNA expression analysis using the bead-based flow cytometric method (25) on 18 ALL and 54 AML samples, along with three normal controls. In both unsupervised and supervised cluster analyses, ALL and AML samples segregated clearly according to their lineage. The result was validated by large-scale quantitative RT-PCR. Possible mechanisms underlying differential expression of some miRNAs were also studied. (16) , and five MLLrearrangement AMLs, including two t(4;11), one t(6;11)/MLL-AF6, and two t(9;11)]. Note that MLL rearrangements were present in all 18 ALL samples and in 25/54 AML samples. Three normal bone marrow samples from healthy donors were used as normal controls, which included two mononuclear cell (MNC) samples and one CD15ϩ myeloid progenitor cell sample (see Materials and Methods). Bead-based miRNA expression profiling detection was performed as described (25) . To control for data quality, three samples with total fluorescence Ͻ15,000 were discarded as unsuccessful labeling/sample quality. In addition, after normalization, only probes with maximum expression in all samples Ն7.25 (regarded as confidently expressed) were retained for further analyses. Probes specific for mouse or rat miRNAs were excluded (see Materials and Methods). Finally, after filtering, a total of 72 human samples (including 17 ALL, 52 AML, and 3 normal controls) and 112 human miRNA genes with confidently detectable expression levels were selected for further analyses (SI Table 2 ).
Results
We performed an unsupervised two-way (genes against samples), hierarchical cluster analysis (HCA) (26) using the expression profiling of the 112 human miRNA genes in the 72 samples. As shown in SI Fig. 3a , leukemia samples clearly grouped into two clusters: (i) all of the ALL samples grouped together as Cluster 1 and (ii) all of the AML samples, except for MLL-ENL-7, grouped together as Cluster 2. The three normal control samples also grouped together and formed a subcluster under the cluster of AMLs (SI Fig. 3a) . Interestingly, MLL-ENL-7 is an AML sample with biphenotypic features (see SI Table 2 ). Thus, that MLL-ENL-7 clustered together with ALL samples may reflect its intrinsic ALL-related genetic factors. To visualize the clustering pattern more effectively, we also carried out a principal component analysis (PCA) using the gene expression profiles. As shown in SI Fig. 3b , ALL and AML samples separate clearly. A similar pattern was observed when we analyzed MLL-rearrangement cases alone (data not shown). In the analysis of AML samples alone, we observed that t(15;17) samples grouped together as one cluster, as did the MLL-rearrangement AMLs despite different partner genes fused to the MLL gene; interestingly, t(8;21) and inv (16) , both corebinding factor (CBF) AMLs, grouped together as a unique cluster (Z.L., J.L., M.S., S.M., and H.Z., unpublished work).
miRNAs Differentially Expressed Between ALL and AML. To identify miRNAs differentially expressed between ALL and AML samples, we used significance analysis of microarray (SAM) (27) and permutation tests (10,000 permutations) in a comparison between ALL and AML (normal controls were not included in the SAM analysis). We identified 27 miRNAs differentially expressed between ALL and AML samples (see Fig. 1 ). Six (i.e., miR-128a, miR-128b, miR-151*, j-miR-5, miR-130b, and miR-210) were expressed at a significantly higher level in ALL than in AML. In contrast, the remaining 21 (i.e., let-7b, miR-223, let-7e, miR-125a, miR-130a, miR-221, miR-222, miR-23a, miR-23b, miR-24, miR27a, miR-27b, let-7a, let-7c, miR-199b, miR-26a, miR-335, miR-21, miR-22, miR-424, and miR-451) were expressed at a significantly higher level in AML compared with ALL ( Fig. 1) . miR-151* is the counterpart of miR-151, and both were derived from the same miRNA precursor; miR151* is thought to be the minor product of miRNA biogenesis. j-miR-5 is an miRNA identified by J.L., H.Z., and T.R.G. (unpublished data). Each differentially expressed miRNA has at least a 2-fold difference in expression between ALL and AML, along with a q value Ͻ0.01. The q value is a measure of the false discovery rate (FDR) (28) . FDR is defined as the expected proportion of false positives among the significant genes (29) . The overall FDR of the set of 27 differentially expressed miRNAs is Ͻ1%, which means that any of the 27 miRNAs is unlikely to be false positive. MiR-128a (at 2q21), miR-128b (at 3p22), miR-223 (at Xq12), and let-7b (at 22q13) are the genes with the greatest expression difference, because each has Ͼ5-fold, and actually the first three have Ͼ10-fold, difference in expression between ALL and AML.
As expected, ALL and AML samples separate clearly in both HCA ( Fig. 1 ) and PCA (data not shown) analyses using the expression profiles of the 27 differentially expressed miRNAs, with two samples [i.e., MLL-ENL-7 and t(4;11) cell line KOCL-48] as exceptions, which are AML but cluster together with ALL. MLL-ENL-7 is a biphenotypic leukemia, whereas KOCL-48 was derived from a patient who had been diagnosed as ALL-L2 but relapsed as AML-M4 and the cell line has biphenotypic features (M4-L2) (30) . Thus, both samples had biphenotypic features, and it is not surprising they clustered together with ALL samples. The 27 miRNAs have a similar expression pattern between the cell lines and the relevant primary leukemia specimens in each lineage (Fig. 1) , suggesting that the relevant critical regulatory pathways remain conserved in the cell lines despite numerous passages. The expression patterns of these 27 miRNAs in three normal controls were largely similar to those in the AML samples, except for miR-221, miR-222, miR-130a, and let-7e (Fig. 1) .
As shown in both Figs. 1 and SI Fig. 3a , the clustering is not associated with the patients' gender, the blast cell percentages, or sample source [i.e., bone marrow (BM), peripheral blood (PB), or cell line (cl)]. Except for MLL-ENL-7 and KOCL-48, there are seven AML patients (or patients from whom the relevant cell lines were derived) who were diagnosed before age 20, none of whom clustered together with ALL patients of similar ages, suggesting that clustering might be independent of the patients' ages. Clustering of cases with MLL rearrangement did not correlate completely with either MLL partner genes or French-American-British (FAB) subtypes; instead, they segregated according to the lineage from which they were derived.
Accurate Diagnosis of ALL and AML with Expression Signatures of a
Minimal Number of Two miRNAs. We further used the prediction analysis of microarrays (PAM) method (31) to determine the minimal number of miRNAs that can be used to diagnose and discriminate ALL and AML cases accurately. Four miRNAs (i.e., miR-128a, miR-128b, let-7b, and miR-223) were the most discriminatory. As shown in Table 1 , a combination of any two of these four miRNAs can discriminate ALL from AML cases with an overall diagnostic accuracy of 97-99%. Prediction accuracy was estimated by 10-fold cross-validation using PAM (see Materials and Methods). The detailed cross-validated probabilities are shown in SI Fig. 4 . The sensitivity for ALL is 100%, whereas for AML, it is 96-98%; the specificity for ALL is 96-98%, whereas for AML, it is 100% ( Table 1 ). The two samples, which are AML but were usually classified as ALL, are MLL-ENL-7 and KOCL-48. Given that both MLL-ENL-7 and KOCL-48 are biphenotypic, if we do not take them into account, the overall prediction accuracy, as well as the sensitivity and specificity of the remaining samples, probably can be considered as 100%. If using any three or all four miRNAs for prediction, a similar accuracy rate was obtained (Table 1) . If using a single one from these four miRNAs for prediction, the overall accuracy varies from 84% to 94% (data not shown). A similar result was achieved by using a different supervised learning algorithm, namely Support Vector Machine (SVM) (32) (data not shown). Thus, as few as two of the most discriminatory miRNAs can diagnose and accurately discriminate all ALL from all AML cases, excluding the two biphenotypic samples. PAM using expression signatures of part of or the  whole set of the four most discriminatory miRNAs (i.e., miR-128a, miR-128b, let-7b Table 2 ). The 10 normal bone marrow controls included two CD15ϩ (myeloid progenitor), two CD19ϩ (lymphoblastic progenitor), one CD34ϩ (hematopoietic progenitor), and five mononuclear cell (MNC) samples (see Materials and Methods). The 98 leukemia samples covered most common cytogenetic subtypes of acute leukemia (see Fig. 2 (15;17) , two trisomy 8 (i.e., ϩ8), two monosomy 7 (i.e., Ϫ7), and three NK samples. Among the 108 samples, 73 (68%) were new independent samples that were not used for the bead-based expression assay, whereas the remaining 35 (32%) were included in the bead-based expression assay (see SI Table 2 ). As shown in Fig. 2 , miR-128a and -128b were expressed at a significantly higher level (P Ͻ 10 Ϫ4 , t test; q ϭ 0, SAM; 10,000 permutations) in the group of ALL samples compared with the group of AMLs together with normal controls, with a difference of expression on average Ͼ14-and 29-fold for miR-128a and -128b, respectively, between the two groups (i.e., ''ALLs'' vs. ''AMLs ϩ normal controls''). In contrast, miR-223 and let-7b were expressed at a significantly higher level (for miR-223: P Ͻ 10 Ϫ4 , q ϭ 0, and Ͼ28-fold; for let-7b: P Ͻ 10 Ϫ4 , q Ͻ 0.01, and Ͼ6-fold; 10,000 permutations) in the AML and normal control samples compared with the ALL samples. The relevant differential expression patterns of these miRNAs existed in most of the samples we tested, with some samples such as those in t(9;22) ALLs, T cell ALLs, and t(15;17) AMLs as exceptions in which let-7b, miR-128a, and/or miR-128b exhibited an atypical expression pattern compared with that in the majority of ALL or AML samples. Whether the different expression patterns of these miRNAs reflect some influence of the abnormalities such as the BCR-ABL fusion in t(9;22) ALL samples needs to be defined further. The expression pattern of these miRNAs in the KOCL-48 cell line is closer to that in ALL rather than in AML samples (Fig. 2) .
To determine whether the expression profiling of these miRNAs obtained using quantitative real-time PCR can accurately discriminate ALL from AML samples as well, we performed PAM analysis on these data. As shown in SI Table 3 , using various combinations of these four miRNAs, the lineage was correctly predicted in 87% (85/98 with miR-128a and let-7b) to 96% (94/98 with miR-128a and -223). Clearly, miR-223 is the best, whereas let-7b is the worst discriminator among these four miRNAs. As expected, the biphenotypic cell line KOCL-48 was predicted as ALL by using all of the combinations except for that using miR-128a and -223. If we do not take KOCL-48 into account, the accuracy of prediction will be 96% (93/97) for the combination of miR-223 together with any of the other three miRNAs. The prediction accuracy was estimated by 10-fold cross-validation. The detailed cross-validated probabilities were shown in SI Fig. 5 . The expression pattern of these four miRNAs in the 10 normal controls (i.e., two CD15ϩ myeloid progenitor, two CD19ϩ lymphoblastic progenitor, one CD34ϩ hematopoietic progenitor, and five MNC cell samples) is largely similar to that in the AML samples (Fig. 2) , which is consistent with what we observed in bead-based miRNA expression assay (see Fig.  1 ). Because the normal controls used for the real-time PCR assay included both myeloid (i.e., CD15ϩ) and lymphoid (i.e., CD19ϩ) as well as two lineage mixture cells (i.e., MNC) and hematopoietic progenitor cells (i.e., CD34ϩ), this result may suggest that these four miRNAs are deregulated mainly in ALL rather than in AML, relative to the normal controls. Taken together, this large-scale real-time PCR validation assay confirmed the differential expression pattern of the miRNAs observed in the bead-based miRNA expression assay, suggesting that expression signatures of as few as two discriminatory miRNAs could accurately discriminate ALL from AML samples using either bead-based or real-time PCRbased expression profiling platform.
Overexpression of miR-128 in ALL Is Not Associated with DNA Locus
Amplification. Amplification of DNA copy number is a common mechanism by which genes achieve overexpression in cancers (34) . To investigate whether the overexpression of miR-128a and -128b in ALL compared with AML and normal controls was associated with an amplification of their genomic loci (miR-128a at 2q21 and miR-128b at 3p22), we performed a TaqMan real-time PCR study Fig. 2 . Expression profiling of miR-128a, miR-128b, let-7b, and miR-223 in the 108 leukemic and normal samples as determined by TaqMan quantitative real-time PCR. Data are presented as ⌬Ct, which refers here to the difference in threshold cycles for a miRNA and U6 RNA. Expression data were mean-centered. Unsupervised average linkage hierarchical clustering was performed. Annotation information of this plot is similar to that in the legend of Fig. 1 , in addition to the following: CD19ϩ means CD19ϩ lymphoblastic progenitor cells; OLD samples are those included in the bead-based miRNA expression assay, whereas NEW samples are independent samples not included in that assay.
to determine DNA copy number of their genomic loci in 45 samples (13 ALL, 30 AML, and two normal control samples; see Materials and Methods). As shown in SI Fig. 6 , there was no amplification of the genomic loci of miR-128a or -128b in ALL cases, compared with either normal controls or AML cases. Moreover, there was no deletion of genomic locus of miR-128a or -128b in AML cases, relative to either normal controls or ALL cases. Thus, the differential expression of miR-128 was not a consequence of alteration of genomic DNA copy number.
Differential Expression of miR-128 Is associated with Epigenetic
Regulation. Epigenetic regulation such as DNA methylation and histone modification play critical roles in chromatin remodeling and general regulation of protein-coding gene expression in mammalian development and human cancer (35) . Indeed, CpG-island methylation has been shown to be a possible mechanism for the downregulation of miRNAs (36) (37) (38) . Thus, we further investigated whether the differential expression of miR-128b between ALL and AML (and normal controls) is associated with CpG-island methylation. We determined the DNA methylation status of the CpG island region of miR-128b in 10 ALL, 14 AML, and three normal control samples using bisulfite genomic sequencing (see Materials and Methods). As shown in SI Fig. 7a , the CpG islands of miR-128b much less methylated in ALL, as compared with AML. Indeed, in the sequenced 20 CpG dinucleotides in the promoter region of miR-128b, the average methylation rate is Ͻ5% in all 10 ALL samples tested, whereas it is Ͼ10% in nine and Ͼ20% in five of the 14 AML samples tested (SI Fig. 7a ). The average methylation rate of the ALL group (2.7%) is significantly lower (independent t test; two-tailed P Ͻ 0.005) than that (17.1%) of the AML group. The detailed methylation information for the 20 CpG sites of miR-128b in each sample was shown in SI Table 4 . Although miR-128b was expressed at a similar level between normal controls and AML samples ( Figs. 1 and 2) , the average methylation rates in normal controls were lower than those in the majority of AML samples (SI Fig. 7a) , suggesting that the expression of miR-128b might also be under regulation of some mechanism(s) other than methylation regulation. Nonetheless, in the analysis of 20 samples with both methylation and expression data for miR-128b (see SI Table 5 ), we observed that the expression level of the miRNA is significantly negatively correlated (two-tailed P Ͻ 0.001; rs ϭ Ϫ0.69; Spearman's Rank Correlation test) with the degree of methylation of the CpG islands among the tested samples (see SI Fig. 7b) . Thus, the differential expression of miR-128b, at least partly, is associated with epigenetic regulation, particularly, methylation regulation of the CpG islands in its promoter region.
Discussion
In the present study, we showed that in both unsupervised and supervised cluster analyses using expression profiles of miRNAs, ALL, and AML samples segregated clearly according to their lineage (SI Fig. 3 ). Among 27 miRNAs that were differentially expressed between ALL and AML, miR-128a, miR-128b, let-7b, and miR-223 were the most significant and discriminatory. MiR128a and -128b were expressed at significantly higher levels in ALL, whereas miR-223 and let-7b were expressed at significantly higher levels in AML (Fig. 1) . In accord with our findings, miR-223 was previously reported as a ''myeloid gene'' that plays a critical roles in myeloid functions and differentiation (39) (40) (41) . Differential expression of miR-128a and -128b and let-7b in ALL compared with AML has not been reported. Using the expression signature of any two of these four miRNAs in the diagnosis of ALL and AML cases could result in an accuracy rate as high as 97-100% (Table 1) . The differential expression pattern of the four most discriminatory miRNAs was confirmed further in a large-scale real-time PCR assay in 108 samples, which included most of the common subtypes of AML and B-cell ALL, as well as T cell, ALL (Fig. 2) . Although the overall accuracy of predictions using the real-time PCR data is a little lower than that using the bead-based expression profiling data, which may be attributed to a larger number of samples with more types of genetic abnormalities, using expression signatures of as few as two miRNAs such as miR-223 and -128a or -128b could also result in prediction/diagnosis accuracy of Ͼ95% (SI Table 3 and SI Fig. 5) . Notably, the MLL rearrangements are frequently found in both ALL and AML, but the lineage discriminatory miRNAs can accurately discriminate the relevant ALL samples from their counterpart AML samples even though they had exactly the same translocations/fusions such as t(11;19)(q23;p13.3)/MLL-ENL (see Figs. 1 and 2) . Thus, our study provides several potential markers for the classification and diagnosis of ALL and AML.
It is of great interest to understand how the expression of the miRNAs is regulated in acute leukemia. Because most miRNAs, like protein-coding genes, are transcribed by RNA polymerase II (42) , the regulation of miRNA expression is probably similar to that of protein-coding gene expression (24) . In the present study, we found that overexpression of miR-128 in ALL compared with AML and normal control samples was not related to genomic locus amplification (SI Fig. 7) . Instead, we observed that the degree of methylation of the CpG islands in the promoter of miR-128b is significantly lower in ALL samples than in AML samples, and that there was a significantly negative correlation between the expression level and the degree of methylation of the CpG islands of the miRNA (see SI Fig. 7) . Therefore, the overexpression of miR-128 in ALLs compared with AMLs was at least partly associated with epigenetic regulation, particularly, hypomethylation of the CpG islands in the promoter region. Notably, although miR-128 was expressed at a significantly lower level in almost all AML and normal control samples than in ALL samples (Fig. 2) , the degrees of methylation of miR-128 promoter in normal controls and in a subset of AML samples were almost similar to that in ALL samples (SI Fig. 7a ), suggesting there is another mechanism controlling expression that will require additional analysis. Nonetheless, our results indicated that epigenetic regulation might be an important mechanism underlying regulation of miRNA expression in acute leukemia.
Although remarkable progress has been achieved in the past decades in the treatment and understanding of the biology of acute leukemias, with contemporary improved risk assessment, chemotherapy, hematopoietic stem cell transplantation, and supportive care, the 5-year overall survival rate of patients with AML is only Ϸ22%, which is much lower than that of patients with ALL (65%) (10, 11) (http://seer.cancer.gov). Indeed, ALL exhibits a better response to standard chemotherapy than AML in almost every age group. For instance, Ϸ98% of children and 85% of adults with ALL achieve complete remission and Ϸ80% of children and 30-40% of adults with ALL can be cured to date (4, 10, 43, 44) . In contrast, Ϸ35-50% of children and 20-25% of adults with AML can be cured to date, although Ϸ80-90% of children and 50-70% of adults with AML achieve complete remission (10, (45) (46) (47) (48) . Among patients older than 65 years, the 5-year overall survival rate for AML is Ϸ4%, whereas for ALL, it is 9% (http://seer.cancer.gov). Therefore, accurately diagnosis of ALL and AML is very critical for the selection of the appropriate therapy. Although a combinational use of morphologic, immunohistochemical, and immunologic methods can already accurately diagnose these two types of acute leukemias (12) , such methods require experienced personnel, and no single test is currently sufficient to establish the diagnosis. Our finding that expression signatures of as few as two miRNAs could accurately discriminate ALL from AML raises the possibility of using such lineage-discriminatory miRNAs to develop a rapid and accurate diagnostic test of ALL vs. AML in the future. Indeed, compared with the mRNA profiling that has been proposed for diagnosis of various cancers (49, 50) , miRNA profiling has several advantages (25) : (i) in contrast to mRNA expression, a modest number of miRNAs might be sufficient to classify human cancers; and (ii) unlike mRNAs, miRNAs remain largely intact in routinely col-lected, formalin-fixed, paraffin-embedded clinical tissues (51) . Nonetheless, further validation of these lineage-discriminatory miRNAs in large cohorts and in independent studies is required before clinical application becomes feasible.
Materials and Methods
See SI Text for more details.
Patient and Control Samples. The total number of samples we used for this study is 164, including 154 leukemic (136 patient samples and 18 cell lines) and 10 normal bone marrow controls [two CD15ϩ, two CD19ϩ, one CD34ϩ, and five mononuclear cell (MNC) samples] (see SI Table 2 ). All patient samples were obtained at the time of diagnosis or relapse and with informed consent at the University of Chicago or other hospitals and were stored in liquid nitrogen until used.
Bead-Based miRNA Expression Profiling Assay. A total of 58 acute leukemia patient samples (11 ALL and 47 AML) and 14 cell lines (7 ALL and 7 AML), along with three normal bone marrow controls, were used in the bead-based expression assay as described (25) . To control for data quality, only samples with total miRNA signals Ն15,000 were further analyzed. After normalization, only probes with maximum expression in all samples Ն7.25 were retained for further analyses. Probes specific for mouse or rat miRNAs were excluded. Values for each miRNA and for each sample were further mean-centered to minimize potential printrun-specific bias (52, 53) . TIGR Mutiple Array Viewer software package (TMeV version 4.0) (54) was used to perform data analysis and visualize the results.
Prediction of ALL and AML. Class prediction analysis was performed by using PAM software in Excel Add-in (Version 2.1) (31) . The method of the nearest shrunken centroids was used to identify a subgroup of genes that best characterizes a predefined class. The prediction accuracy was estimated by 10-fold cross-validation. We have also used the Support Vector Machine (SVM) program (32) in the TMeV version 4.0 package (54) for the prediction.
TaqMan Quantitative Real-Time PCR Assay of the miRNAs. We used a TaqMan real-time PCR method (33) to validate the differential expression patterns of four miRNAs (i.e., miR-128a, miR-128b, let-7b, and miR-223) in 54 ALL, 44 AML, and 10 normal bone marrow control samples. The miRNA TaqMan real-time PCR kit was purchased from Applied Biosystems, and PCRs were performed according to the manufacturer's recommendation.
Analysis of DNA Copy Number of the miR-128a and -128b Locus in Leukemia Cells. Following a method described by He et al. (20) with modification, we performed a TaqMan real-time PCR study to determine DNA copy number of the miR-128a and -128b in 13 ALL, 30 AML, and two normal control samples. The reported values represent the ratios of DNA copy number at the miR-128a or -128b locus to the normal reference probe (␤-actin or 6p22).
